Introduction
Top-down fabrication techniques such as deep UV and electron beam lithography allow the fabrication of complex two-dimensional (2D) patterns on nanometer size scales, and enable the creation of powerful and ubiquitous personal electronic devices, as well other technologies. [ 1 , 2 ] However, the fabrication of three dimensional (3D) structures with overhanging and free-standing elements still presents signifi cant diffi culties. Freeform fabrication techniques, such as laser sintering, [ 3 ] 3D printing, [ 4 ] fused deposition modeling, [ 5 ] block stacking, [ 6 ] and capillary origami, [ 7 ] are limited in resolution and the range of shapes obtainable. [ 8 ] Importantly, such complex structures are often key to emerging technologies such as photonic devices [ 9 , 10 ] and tissue-engineering scaffolds. [ 11 ] Conventional photolithography begins with the preparation of a photoactive thin fi lm on a substrate (photo resist). A pattern is then transferred to the photoresist using masked or focused laser selectively that removes the exposed material in a positive photoresist or the unexposed material in a negative photoresist. 3D structures can be fabricated by using an inert fi ller material to backfi ll the space previously occupied by the photo resist, and planarize the sample. A subsequent layer is then written, and the process is iterated. After fabrication of the desired number of layers, the 3D structures are written and developed in a crosslinked polymer initially formed by a DielsAlder reaction. Unlike conventional liquid resists, small features cannot sediment, as the reversible crosslinks function as a support, and the modulus of the material is in the MPa range at room temperature. The support structure, however, can be easily removed by heating the material, and depolymerizing the polymer into a mixture of low-viscosity monomers. Complex shapes are written into the polymer network using two-photon techniques to spatially control the photoinitiation and subsequent thiol-ene reaction to selectively convert the Diels-Alder adducts into irreversible crosslinks.
Fourier Transform Infrared Spectroscopy
Samples for IR spectroscopy were produced by casting a thin fi lm of the reactants in dichloromethane onto a NaCl crystal and evaporating the solvent under vacuum. Equilibrium was reached at approximately 4 h. The samples were irradiated by an EXFO Acticure mercury vapor arc lamp equipped with a 365 nm bandgap fi lter.
2-Photon Lithography
3D patterning was obtained via two-photon techniques, where the gel was selectively exposed to pulsed laser light from a Chameleon II Ultra laser ( l = 740 nm, pulse frequency 80 MHz, pulse duration = 140 fs, power = 670 mW mm − 2 , scan speed = 
Results and Discussion
Although reversibly crosslinked polymers may be formed by several reactions, [ 18 ] few are as robust or possess the unique behavior of the Diels-Alder reaction between furan (1) and maleimide (2) ( Figure 1 and Figure 2 ). Upon heating, the Diels-Alder adduct (3) readily undergoes a retro-DielsAlder reaction to recover (1) and (2) . This behavior can be reversed many times, [ 19 ] and only ceases when sidereactions render the Diels-Alder adduct irreversible. [ 20 ] Fortuitously, such reactions can be easily triggered, as the oxy-norbornene adduct (3) was found to exhibit excellent reactivity via thiol-ene reactions. The strained nature of the olefi nic bond in the oxy-norbornene makes it a preferable ene for the radical-mediated thiol-ene addition, while the electrically activated maleimide is less reactive towards the thiol-ene reaction and has a greater tendency to homopolymerize. [ 21 ] Although the addition of the thiol-functionalized species enables photofi xation, it is worth noting that the thiol can potentially undergo the base-catalyzed Michael addition reaction with the maleimide. This reaction is often employed in protein functionalization owing to its ease and high yield. [ 22 ] However, in the absence of a nucleophile or base, the thiolate anion is never formed, which effectively prevents the Michael addition from occurring. The addition of a small amount of acid is suffi cient to prevent the unwanted thiol-maleimide reaction. In the present case, the thiol utilized in these studies (6) contains suffi cient trace levels of acid impurities, to retard the thiol-maleimide reaction. In Figure 3 a, infrared spectroscopy reveals that when a stoichiometric mixture of (5), (6), (7), and 1% wt. (8) is equilibrated at 80 ° C for 4 h, 86% furan and 88% maleimide are consumed via the Diels-Alder reaction, while less than 1% of the thiol is fi ller is removed, typically by dissolution. Although this approach leverages well-developed conventional techniques for pattern transfer and development, controlling the alignment and adhesion of multiple layers and the removal of the fi ller material presents signifi cant technical challenges. [ 9 , 12 ] Alternatively, optical direct write lithographic techniques (ODWL) utilize a stage suspended in a vat of liquid photoresist. [ 13 , 14 ] The fi rst layer is written by rastering a laser across the surface of the stage to solidify the liquid resist. The stage is then lowered and a subsequent layer is written on top. Although this approach reduces the total number of steps, it still presents signifi cant challenges. First, the 3D construction of noncontiguous objects in a liquid negative-tone photoresist is often problematic as each underlying layer must support the next layer, or overhanging features will sediment from the densifi cation associated with the polymerization. Sedimentation is reduced by utilizing higher viscosity photoresists; however, this approach complicates the later removal of the unreacted resist while preserving fragile features. Alternatively, workers have sought to develop routines that write important structural features fi rst, and only partially cure each layer. A complete fl ood cure after the sample is removed from the vat is required to reach fi nal material properties, which may result in sagging features, shrinkage, or distortion. [ 15 ] We overcome the tradeoff between resist viscosity and ease of removal in ODWL by using a reversibly crosslinked polymer as a photoresist. In the polymerized state, the material is an elastic or even glassy solid that acts as a scaffold, supporting structures during the image transfer process. Upon external stimulation the material can depolymerize to a sol composed of low-viscosity monomer.
Experimental Section
Unless noted all materials were used as received. Compound (5) was prepared as described in ref. [ 16 ] and (8) was adapted from procedures described in ref. [ 17 ] .
Photoresist Synthesis
A stoichiometric mixture of furan, maleimide, and thiol groups was prepared using 5 , 6 , and 7 , to which was added 1% weight 8 . A slight amount of heat or solvent (dichloromethane) was necessary to melt 6 . Samples for dynamic mechanical analysis were prepared using 1-hydroxy-cyclohexyl-phenyl-ketone (Irgacure 184, Ciba) so that the fi lms were less optically dense. Irradiated samples were cured for 1000 s at light intensity of 10 mW cm − 2 using a irradiated by an EXFO Acticure high pressure mercury vapor short arc lamp equipped with a 365 nm bandpass fi lter.
reacted. Consequently, bulk samples are readily prepared by mixing the components, spin coating a substrate, and then baking the sample. After irradiation with 365 nm light at an intensity of 10 mW cm − 2 for 10 min infrared spectroscopy further reveals that the complete consumption of the free maleimide and oxy-norbornene groups, accompanied by 70% conversion of the thiol (Figure 3 a) . This result indicates that the thiol-ene reaction dominates over homo-and co-polymerization of the oxy-norbornene and maleimide. Further, the complete reaction of the maleimide and oxy-norbornene guarantees that no reversible bonds remain after irradiation. Notably, as the chemical details of the thiol-bearing species are of minor importance, [ 23 ] and this click chemistry approach could be also be used to incorporate additional chemical functionality within the polymer network with spatial control of its addition.
The ratio of the storage modulus at 75 ° C, before and after irradiation shows that the crosslinking density increases more than fourfold during photofi xation due to the multifunctional nature of the thiol (Figure 3 b) . The photofi xation reaction is also accompanied by a modest increase in the glass transition temperature, which rises from 16 to 43 ° C. Furthermore, after photofi xation, the breadth of the glass transition temperature does not 4 absorption, with its associated photochemical reactions, is reduced. This enables deeper penetration of light into the sample. Additionally, out-of-focus reactions are minimized as two-photon absorption is proportional to the square of the light intensity, rather than directly proportional, better confi ning two-photon initiation to the focal plane.
Irradiation of the material with a 740 nm femtosecond pulsed laser produced a refractive index change within the sample, allowing immediate visualization of written shapes prior to any heating and image development. After heating the sample to 105 ° C in furfuryl alcohol, the unexposed material depolymerized and the 3D structures were carefully recovered from the developing liquid. Complex structures that are diffi cult to produce by other techniques, such as freely rotating interlocked rings or log pile-type structures, are easily fabricated using this 3D patterning approach (Figure 4 ). Although the structures demonstrated herein are 10s of μ m in size, the primary increase, supporting the hypothesis that the primary mode of polymerization is via the step-growth thiol-ene reaction, whereas chain-growth mechanisms tend to produce a more heterogeneous network structure and therefore would be expected to broaden the glass transition. [ 24 ] Direct writing of 3D patterns into the bulk material presents two additional challenges. First, light must be transmitted deep into the material to initiate radical generation. Second, out-of-focus light must be minimized to prevent unconfi ned reactions away from the focal plane. Although researchers have demonstrated a number of techniques to reduce out of focus reactions, [ 13 , 25 ] both problems are diminished by utilizing two-photon optical direct write lithography. Two-photon absorptions typically occur at longer wavelengths, where single-photon The FTIR spectrum of a stoichiometric mixture of ( 5 ), ( 6 ), ( 7 ), and ( 8 ) before thermal curing, after the thermal curing, and after irradiation. b) Dynamic mechanical analysis of the material before and after irradiation.
benefi t of this process is not improved resolution though many current techniques inspired by stimulated excitation depletion spectroscopy and used in ODWL [25] could be utilized to improve it. The inherent advantage of the photofi xation process demonstrated here is that it uniquely addresses the separate problems of sagging features and shrinkage to enable fabrication of complex 3D devices. This problem is an important one that has not been solved by improvements in resolution, scanning routines, or by accounting for shrinkage in structure design. [ 26 ] 
Conclusion
The use of a reversibly crosslinked polymer network as a photoresist has a number of potential advantages. It is expected that diffusion of the active species in such systems will be signifi cantly retarded by the polymer network, enhancing the feature resolution. Furthermore, thin fi lms can be prepared without the use of volatile organic solvents, because the starting materials are low-viscosity monomers, rather than linear polymers that are employed in conventional photoresists (i.e., SU-8 popularized by softlithography). [ 1 ] Moreover, it is also possible that the use of solvents could be eliminated in the image development step as well. Photofi xation also provides a method to eliminate thermoreversible behavior within reversible adhesives, selfhealing materials, [ 27 ] nonlinear optics, [ 28 ] polymer encapsulants, [ 29 ] and may even be applicable to locking in dynamic combinatorial libraries. [ 30 ] Finally, the utilization of photofi xation lithography in conjunction with thiol-functionalized materials, such as cysteine-terminated peptides, thiol-functionalized nanoparticles, and thiol-functionalized sensing moieties, would enable the simultaneous fabrication of complex 3D structures with uniquely defi ned chemical functionalization for an array of applications.
